Dystonia is defined as a neurological syndrome characterized by involuntary sustained or intermittent muscle contractions causing twisting, often repetitive movements, and postures. Paroxysmal dyskinesias are episodic movement disorders encompassing dystonia, chorea, athetosis, and ballism in conscious individuals. Several decades of research have enhanced the understanding of the etiology of human dystonia and dyskinesias that are associated with dystonia, but the pathophysiology remains largely unknown. The spontaneous occurrence of hereditary dystonia and paroxysmal dyskinesia is well documented in rodents used as animal models in basic dystonia research. Several hyperkinetic movement disorders, described in dogs, horses and cattle, show similarities to these human movement disorders. Although dystonia is regarded as the third most common movement disorder in humans, it is often misdiagnosed because of the heterogeneity of etiology and clinical presentation. Since these conditions are poorly known in veterinary practice, their prevalence may be underestimated in veterinary medicine. In order to attract attention to these movement disorders, i.e., dystonia and paroxysmal dyskinesias associated with dystonia, and to enhance interest in translational research, this review gives a brief overview of the current literature regarding dystonia/paroxysmal dyskinesia in humans and summarizes similar hereditary movement disorders reported in domestic animals.
INTRODUCTION
Dystonia is characterized by sustained or intermittent muscle contractions causing abnormal, often repetitive, movements, postures, or both. Dystonic movements, which are typically patterned, twisting and sometimes tremulous, can be initiated or worsened by voluntary action (1) . Dystonia is the third most common movement disorder in humans and comprises a large number of types, currently classified by (1) clinical characteristics (age at onset, body distribution, 
Body distribution
Focal (only one body region is affected. e.g., blepharospasm) Segmental (two or more contiguous body regions are affected) Multifocal (two non-contiguous or more -contiguous or not -body regions are involved) Hemidystonia (more body regions restricted to one body side are involved) Generalized (involvement of the trunk and at least two other sites, including leg or not)
Temporal pattern
Course of disease (static or progressive) Variability Persistent (appears to approximately the same extent throughout the day) Diurnal (recognizable circadian variations in occurrence, severity and phenomenology) Action-specific (occurs only during a particular activity or task) Paroxysmal (sudden self-limited episodes of dystonia usually induced by a trigger)
Associated features
Isolated dystonia (dystonia is the only sign, with the exception of tremor) Combined with other movement disorders (e.g., myoclonus) Associated with other neurological symptoms (e.g., cognitive decline) or systemic manifestations (e.g., Wilson disease) (B) ETIOLOGY Nervous system pathology Evidence of degeneration Evidence of structural (often static) lesions No evidence of degeneration or structural lesion
Inherited or acquired
Inherited (autosomal dominant, autosomal recessive, X-linked recessive, and mitochondrial) Acquired (brain injury, infection, drug, toxic, vascular, neoplastic, and psychogenic) Idiopathic (sporadic and familial)
temporal pattern and associated features) and (2) etiology (nervous system pathology, inherited or acquired), as summarized in Table 1 . Although the term dyskinesia includes a wide range of abnormal, involuntary movements that can be associated with many neurological disorders, it is currently mainly used for paroxysmal dyskinesias ( Table 2 ) and drug-induced dyskinesias in human neurology (2, 3) . Paroxysmal dyskinesias are characterized by self-limiting episodes, usually induced by stress or sudden movements (4) . These episodic disorders include dystonia and also other abnormal involuntary, non-stereotypical movements, such as chorea (rapid, distal dance-like movements), athetosis (slow writing movements), and ballism (rapid, more violent, predominantly involving proximal muscle groups). The term "hyperkinesia" includes these syndromes as well as any unwanted excess movements (5) . Dystonia can be the dominant feature in paroxysmal dyskinesias, termed "paroxysmal dystonia" in Table 1 (1). Diagnosing dystonia has been described as difficult, because of variability in clinical presentation, the wide etiological spectrum, and possible coexistence with other movement disorders (6) . It has been estimated that about 3 million people suffer from dystonia worldwide (7, 8) .
In laboratory animals, dystonic phenotypes caused by spontaneous mutations are well-known, as described in previous reviews as animal models of dystonia (9) (10) (11) (12) . It is, therefore, unlikely that this movement disorder is restricted to human patients. In domestic animals, it is probably often unrecognized and becomes a reason for euthanasia in severe and intractable cases. Several case reports of "cramps" and "hyperkinesia" in veterinary journals as well as online videos suggest that dystonic clinical signs deserve attention in veterinary practice. There is, however, little research on how closely these features resemble human dystonia or paroxysmal dyskinesias which are associated with dystonia. Since diagnosis of potential cases in domestic animals is important for prognosis, genetic counseling, and treatment of affected individuals, this review provides a comparative view on these movement disorders.
Academics of different expertise need to collaborate to understand the underlying pathogenesis of the dystonic syndrome (13, 14) . The aim of this review is to explore the possibility that distinct neurological movement disorders in domestic animals, rarely described in the literature, represent a type of dystonia or dystonia-associated dyskinesia. As for laboratory animal models, much also could be learned from domestic animals about the pathogenesis of human dystonia (11) . In the first part, we give a brief overview of the knowledge of human dystonia/paroxysmal dyskinesias and refer to several excellent reviews on this topic. In the second part, we draw comparisons between movement disorders in domestic animals and human dystonia/paroxysmal dyskinesias.
CLINICAL AND NEUROPHYSIOLOGICAL CHARACTERISTICS OF DYSTONIA AND CLASSIFICATION
Not all involuntary muscle contractions are dystonic in nature and there is no neurophysiological proof or confirmation of dystonia. However, there is a measurable neurophysiological defect in motor control, with excitability changes of interneural circuitry at spinal cord, brainstem (15, 16) and cortical level (17, 18) , as well as the preparatory phase before voluntary movements (19, 20) , which is possibly due to disturbed basal-ganglia nuclei input to these structures (21) . A hallmark of dystonic contractions is their consistent directionality (22) . The dystonic movements are patterned and repeatedly involve the same muscle groups within individuals. During dystonic movements, agonist and antagonist muscles typically contract simultaneously, thereby causing twisting of body parts. Poly-electromyographical recordings (poly-EMG: minimum of two channels) have shown three types of muscular activity during rest or voluntary movements: (1) long spasms, lasting several seconds, (2) repetitive rhythmical cocontracting spasms (200-500 ms), or (3) brief (<100 ms) irregular cocontracting jerks (23) . Poly-EMG features of dystonia therefore match the clinical impression of cocontracting antagonistic muscles, with mainly tonic, non-reciprocal patterns during rest or voluntary movement (24) (25) (26) (27) . Dystonic movements often are longer lasting (or more persistent) than in other disorders such as myoclonus. Dystonia with myoclonic patterns are usually superimposed on long-lasting tonic activation (28) . Dystonic spasms or jerky/myoclonic movements in dystonia clinically look similar to those of primary myoclonus but are not associated with electroencephalographic (EEG) changes (15) . Repetitive contractions can cause jerking (tremulous) movements which might (22) . Classification of dystonia has been modified extensively over the last few decades (1, 29) . The current classification by clinical characteristics is summarized in Table 1 . Classification by the age of onset is notable, because dystonia with first occurrence at an early age is more likely to progress from focal to generalized forms. For diagnosis and therapy, the classification by the affected body region and by the temporal pattern is important. Hemidystonia, for example, is often acquired. Task-specific and paroxysmal types have to be distinguished from pure action dystonia, where dystonic features accompany any voluntary movement. In paroxysmal dyskinesia, the same trigger might not always induce symptoms and the attacks last longer than the influence of the trigger. In contrast, action dystonia is predictably induced by the same voluntary motor activity and disappears when the inducing action is stopped (1) . Paroxysmal dyskinesias can present with dystonia, choreic, ballistic, other, or a mixture of these hyperkinesias and can be inherited or acquired (30) . According to the trigger, duration, frequency, and response to antiepileptic drugs, human paroxysmal dyskinesias are divided into subtypes (see Table 2 ). These paroxysmal dyskinesias often occur first in childhood or early adolescence (4).
Differential Diagnoses
Twisting movements and postures can be caused by diverse disorders of the central and peripheral nervous systems or by nonneurological conditions. For example, tonic epileptic seizures can produce torsions. Those epileptic seizures are usually accompanied by a loss of consciousness, while dystonia (including paroxysmal types) occurs in awake individuals and in the absence of EEG changes (spikes and waves). Episodic dystonic features are not accompanied by autonomic signs and postictal behavior. Furthermore, an exaggerated startle reflex to tactile and acoustic stimuli, as known in hyperekplexia is not observed in dystonia. Awareness is not disturbed in dystonic patients, and there are no gross deficits in cognition (31) . A hallmark of spasticity is the pathology of reflexes, while hyperreflexia is not typical of dystonia. However, moderate changes in spinal and brainstem reflexes like a decreased inhibition in blink reflex recovery can be present in patients with focal dystonia. Furthermore, transcranial magnetic stimulation (TMS) studies revealed a loss of inhibition of the primary motor cortex (32) . Myoclonus differs concerning duration and electrophysiological characteristics, as described above. Infections and peripheral alterations have to be excluded, such as trochlear nerve palsy or vestibulopathy which can cause head tilt but not cervical dystonia. Sustained muscle contraction may have neuromuscular causes (e.g., neuromyotonia, myotonic disorders), and tetanic spasms can for example result from hypocalcemia (22) . Not all motor dysfunctions in animals can be correlated to a specific human movement disorder. An example of this would be the inherited hypertonicity syndrome of Labrador Retrievers described by Vanhaesebrouck et al. (33) , which is associated with a selective loss of spinal cord interneurons. As summarized in Table 3 , different episodic neurological signs can occur in dogs and should be separated from paroxysmal dyskinesias.
In quadrupedal animals, dystonic signs are in part different to those in human patients. On four limbs, the animals have a better ability to compensate for moderate motor dysfunctions (11) . Dystonic movements can present as gait abnormalities and dystonic postures of the body may result in a hunched or bent back. Severe ataxia, accompanied by muscle weakness, can lead to axial twisting movements which are not dystonic (34) . The occurrence of muscle weakness always argues against the diagnosis of dystonia (35) .
ETIOLOGY AND PATHOPHYSIOLOGY
Dystonia was formerly divided into "primary (idiopathic) dystonia" and "secondary (symptomatic) dystonia. " Primary dystonia (as well as primary paroxysmal dyskinesias) was determined by the lack of a defined disease and the absence of neuropathological alterations, visible by brain imaging (MRI and CT) or by postmortem histological standard techniques (13) . However, these examinations do not exclude changes in the density of specific types of neurons and microstructural alterations (11) . Furthermore, there is a scarcity of human postmortal tissue donation suitable for more specific microscopic, neurochemical and molecular analyses (36) .
With regard to new insights into the etiology of inherited dystonia, the division of primary versus secondary is no longer (1) . As extensively reviewed, gene mutations related to human dystonia currently designated as DYT1-25 (see Table 4 ) were isolated and for more than half of these genes encoded proteins were identified. The functions of these proteins include dopamine signaling, ion channels, protein chaperoning, transcriptional regulation, or transporters (37) (38) (39) (40) . A causative factor has been identified in around one-third of cases of human dystonia (1) . As known for DYT1 (the most common inherited human dystonia), a gene defect does not always lead to a dystonic phenotype, i.e., the penetrance can be incomplete (2) . Furthermore, a specific mutation can lead to various clinical phenotypes, indicating the importance of environmental or additional genetic factors in the pathophysiology. Alterations in neuronal plasticity, i.e., the ability of the nervous system to morphologically and/or biochemically change neural pathways and synapses in response to environmental factors, have been hypothesized to play an important role in dystonic signs (41) (42) (43) . Thereby, various observations in humans and animal models can be explained (11) , such as the overt neuronal dysfunction without apparent neuropathology and the often progressive nature.
Despite the varied etiology and often sporadic occurrence (no evidence for inheritance), there are probably common pathways in the pathophysiology of dystonia, though this is still poorly understood. There is strong evidence that dysfunction of the basalganglia nuclei and related thalamocortical network are essential (44, 45) . Thus, symptomatic (acquired) dystonia is often related to brain lesions in the basal-ganglia and thalamic nuclei. Abnormal neuronal activity in the striatum, the input structure of the basal ganglia, can lead to disturbed inhibition of thalamocortical projections (11, 13, 46) . Over time this may lead to an increase in striatal, cortical, and brain stem plasticity producing neural reorganization and symptoms of dystonia (4). This concept is in line with the observed improvement of dystonia after deep brain stimulations (DBS) of the globus pallidus internus (GPi), a basal-ganglia output structure. Although regarded as a basal-ganglia disorder, other brain regions can be involved in dystonic symptoms, such as the thalamus, cortex, brain stem, and the cerebellum (44, 47) . Indeed, thalamocortical activities are controlled not only by the basal ganglia but also by the cerebellum. Cerebellar dysfunctions can be included [as indicated by clinical data and findings in animal models (10, (48) (49) (50) (51) ], although the most commonly recognized cerebellar signs ataxia, vestibular dysfunction, and ocular nystagmus are usually not present in dystonia. Functional neuroimaging data suggest that dystonia is a neurocircuit disorder, involving the corticostriato-pallido-thalamo-cortical and cerebello-thalamo-cortical pathways (44) .
Inherited, idiopathic types have been suggested to be related to neurochemical imbalances, including dopamine, acetylcholine, and GABAergic disinhibition (44, 46) . Several lines of evidence indicated that striatal dopaminergic dysfunctions play an important role in the pathogenesis of dystonia (52, 53) . Not all neurotransmitter systems have been well examined yet (e.g., serotonin and glutamate).
In summary, the etiology and pathophysiology of dystonic signs is heterogeneous. A very important research objective is the identification of common functional pathways to detect targets 
TREATMENT
Except in some cases of acquired dystonia and inherited doparesponsive dystonia in humans, causal or pathogenesis-targeted therapy is not available (54) . Aims are to reduce or abolish involuntary movements and postures, relieve pain, and improve quality of life in human patients (55) . A licensed drug for symptomatic treatment of focal dystonias in humans is botulinum toxin (BoNT). It is the treatment of choice for focal dystonia, such as blepharospasm and cervical dystonia. After injections into dystonic muscles, the toxin blocks the release of acetylcholine for 2-4 months and thereby improves symptoms. Besides the modulation of motor output by blocking cholinergic synapses, it has been hypothesized that more sustained improvement results from modulating the central plasticity via the afferent system (56).
Empirical trials in human patients have shown that the response to systemic medication depends on the type of dystonia and shows individual diversity, as described by Jankovic (54, 55) . Treatment with low doses of levodopa (precursor of dopamine) is very effective in patients with generalized dopa-responsive dystonia, which is caused by deficient dopamine synthesis. On the contrary, dopamine blocking or depleting agents, such as neuroleptics and tetrabenazine, sometimes improve other forms of dystonia. As known from trials with anticholinergic drugs, treatment over weeks with high doses is often needed before the severity of dystonic symptoms is reduced. Drugs which enhance GABAergic inhibition, such as baclofen (GABA B receptor agonist) and benzodiazepines (diazepam and clonazepam) can also be effective. Specific types of paroxysmal dyskinesia improve by antiepileptic treatment (see Table 2 ).
Pharmacological treatment of generalized dystonia in humans is often ineffective. Myo-and neurotomy have been replaced by DBS, with the GPi as the target of choice (57, 58) . Interestingly, patients often show a gradual and slow course of improvement, suggesting a role for secondary plastic changes in response to the changed basal-ganglia output from DBS (13).
DYSTONIA IN LAB ANIMAL MODELS
During past decades, several animal models of dystonia have been proposed with the aim to give insights into its pathophysiology and to develop new therapeutics. It is well described that dystonic signs can be induced in animals or can be caused by spontaneous mutations in rodents. Based on the identification of gene defects in human dystonia/paroxysmal dyskinesia, mice and rats have been genetically modified and exhibit moderate motor disturbances. For detailed descriptions of animal models of dystonia, see previous reviews on this topic (9) (10) (11) (12) . Here, we wish to emphasize that spontaneous mutations leading to persistent generalized dystonic symptoms cause a low viability in affected rodents. Notably, detailed examinations (phenotyping) are important to decide if motor disturbances in laboratory animals actually represent dystonia. For example, dystonic episodes in dt sz mutant hamsters were initially misinterpreted as reflex epilepsy, although there is neither loss of consciousness nor EEG changes, autonomic signs or a response to antiepileptic drugs. Indeed, the signs in mutant hamsters show the characteristics of human paroxysmal non-kinesigenic dyskinesia with dystonia as the dominant feature and are based on basal-ganglia dysfunctions (59) . Another example is the Cacna1a mutant tottering mouse which shows a persistent mild ataxia and brief epileptic seizures, but also episodic dyskinesia with coactivation of antagonistic muscles which are not accompanied by EEG changes. Dyskinesia in these mice is related to cerebellar dysfunction (5-10). In experimental animal models, EEG recordings can be done invasively via chronically implanted electrodes. In contrast, exclusion of spike-waves abnormalities by non-invasive EEG recordings in domestic animals during episodes is usually not possible because of muscle activity causing artifacts. This should be kept in mind regarding the descriptions of paroxysmal dyskinesias in dogs (see below).
HYPERKINETIC MOVEMENT DISORDERS IN DOMESTIC ANIMALS: COMMON FEATURES WITH TYPES OF HUMAN DYSTONIA AND DYSTONIA-ASSOCIATED DYSKINESIAS
The unspecific term "hyperkinesia" refers to different involuntary movements with increased motor activity. Several veterinary reports use this term to describe animals presenting dystoniclike features and paroxysmal dyskinesias. Most of these reports describe paroxysmal movement disorders ( Table 5) , difficult to differentiate from other episodic events, such as epileptic seizures (60) . This does not mean that persistent types of dystonia do not occur in domestic animals; they may perhaps be under-reported in the literature if the degree of disability caused by the persistent generalized dystonia and/or an unsuccessful treatment lead to the decision to euthanize the affected animal. Severe types of dystonic postures can be painful in human patients (55) , while this is unknown in affected animals. On the other hand, there may be mild forms or benign courses of dystonia in animals that do not require treatment (61) and/or are possibly not presented to a veterinarian.
Descriptions of cases and postmortem brain examinations of euthanized animals could give interesting insights into the pathophysiology. The domestic dog offers unique advantages to identify gene defects and mechanisms of inherited diseases because of the sequenced canine genome and the closed population structures in the breeds. Therefore, canine models may provide a valuable tool for discovering disease alleles that have been difficult to find by studying human families or populations (61, 62) .
Motor Disturbances Which Possibly Share Common Features with Focal Dystonias
Focal dystonias involve a single body region, and may include involuntary rotation of the head/neck (cervical dystonia), dystonic muscle activation of the orbicularis oculi (blepharospasm), larynx (spasmodic dysphonia), or limb muscles (63) . The initial symptoms can be mild and may be noticeable only after prolonged exertion or stress. The etiology is heterogeneous and multiple factors (e.g., overuse of muscles and central/peripheral insults) can be involved in their manifestation, probably related to loss of inhibition and disturbed sensorimotor integration (32, 64) .
Focal dystonia can be experimentally induced in animals (65) and cases of focal muscle contractions in domestic animals may resemble human focal dystonia. Meyer-Lindenberg et al. (66) described an interesting case of severe bilateral blepharospasm in a Great Dane dog. Following a moderate bilateral ectropium, blepharospasm (which was intensified by stress and bright light) could be observed from an age of 8 months. The spasms worsened and resulted in a permanent closure of the eyelids. Topical anesthetic and systemic treatments, including tetrazepam, were not effective. EMG revealed complex high frequency discharges of the orbicularis oculi muscle. Finally, subcutaneous injections of BoNT in the area of the orbicularis oculi muscle resulted in disappearance of blepharospasm for 3-4 months (66) . As observed in this dog, eye disorders commonly also precede human blepharospasm which is responsive to BoNT (63) .
Bovine spastic paresis (BoSP) is a progressive neuromuscular disease which has been investigated for several decades, as recently reviewed by De Vlamynck et al. (67) . BoSP occurs sporadically in most breeds of cattle with an estimated prevalence of 0.1-0.8. BoSP is currently considered to be inherited via autosomal recessive (not identified) gene(s) with incomplete penetrance. As in DYT1 dystonia in humans (13) , it has been suggested that additional unidentified factors are important for the development of clinical signs in genetically predisposed calves (67) . There are several obvious similarities to human limb dystonia. BoSP is commonly associated with repetitive contractions of the gastrocnemius muscles but also of other hindlimb muscles. Attempts to move are thought to aggravate cocontractions of extensors and flexors of the limb. The age of onset ranges from 1 day to 3 years. Starting with moderate symptoms, the clinical signs worsen over time and result in disabling unilateral or bilateral hyperextension of the hindlimb(s). EMG studies have demonstrated significantly increased activity of the gastrocnemius and superficial digital flexor muscles in standing animals. There is no medical treatment. Surgical procedures usually performed in affected calves include partial tibial neurectomy, but contractions of other muscles persist. It has been hypothesized that muscle contractions are caused by disinhibition of motor neurons. Pathomorphological changes were not detected (67) . Interestingly, a lower concentration of homovanillic acid was found in the cerebrospinal fluid of affected calves, indicating that dopamine metabolism is reduced in the CNS (68) . Recent cDNA microarray data, performed on spinal cords of BoSP and healthy calves of a Romagnola cattle breed pointed to a possible alteration of calcium signaling proteins (69) . However, the etiology and pathogenesis of BoSP remain unknown.
Generalized Movement Disorders Which Possibly Include Dystonic Features

Paroxysmal Dyskinesias in Dogs
Episodic falling in Cavalier King Charles Spaniels (CKCS), an autosomal-recessive inherited disorder (70, 71) , shares similarities with human paroxysmal dyskinesia (61) . In affected dogs, exercise and excitement can precipitate episodes of abnormal gait and fallings which last up to several minutes (Video S1 in Supplementary Material). There are no signs of an impairment of consciousness or autonomic dysfunction during or after these attacks (72) . Affected animals develop an increased extensor muscle tone of all four limbs, resulting in an immobilized, "deer-stalking" or "praying" position, sometimes falling with legs held in extensor rigidity (70, 73) . Other clinical signs are facial muscle stiffness, stumbling, a "bunny-hopping" gait, and arching of the back. It is unclear if cocontractions of flexors are involved. Initial clinical signs of the disease typically appear between 3 and 7 months of age. Interestingly, in some cases, there is spontaneous remission, as sometimes observed in human paroxysmal dyskinesia (74) . There is no evidence for metabolic alterations as a cause, and light microscopic examinations have not revealed any lesions in the CNS or peripheral nerves (75) . Clonazepam may be effective in suppressing the episodes in some cases (76) . Recently, a 15.7 kb deletion in BCAN, encoding the brain-specific extracellular matrix-proteoglycan brevican, was found to be associated with episodic falling in CKCS (61, 77) . This protein plays an important role in cell adhesion, migration, axon guidance, and neuronal plasticity (78) . How this mutation leads to the manifestation of this hyperkinetic movement disorder in dogs has yet to be unraveled. Scottie cramp is a paroxysmal hyperkinetic disorder in Scottish terriers (Video S2 in Supplementary Material), with onset usually occurring during the first year of life. This autosomal-recessive inherited disorder shows features of paroxysmal dyskinesia (72, (79) (80) (81) (82) (83) . Affected dogs appear normal at rest. When performing lengthy exercise or excited, the dogs progressively develop a stiff, stilted gait over a few minutes. Initially, the dogs show an arching of the lumbar region of the back, progressing with a stiff-legged gait with the pelvic limbs overflexed and thoracic limbs abducted with increased extensor tone while walking. Occasionally, exaggerated flexion of the limbs against the body can be observed. The gait abnormalities progress until some dogs are unable to walk or fall into recumbency with a flexed neck and tail. Furthermore, clear abnormalities could be observed by EMG analyses during an episode, including higher amplitudes and longer duration of the interference pattern in affected muscles (84) . There is a wide variety of clinical signs. While some Scottish terriers seem to rather exhibit myoclonic jerks, other dogs show a phenotype that clearly resemble dystonic movements [for video, see also Ref. (83) ]. The affected dogs are fully conscious during the whole attacks, which usually last a few minutes. Affected dogs recover completely after a period of rest. No microscopically visible lesions have been found in the nervous system. The attacks of involuntary movements can be provoked by administration of amphetamine and can be suppressed with diazepam or acepromazine. In contrast, antiserotonin agents markedly increased the severity. While serotonin reuptake inhibitors can provoke acute dystonic symptoms in humans (85), fluoxetine and other drugs which enhance cerebral serotonin concentrations have been reported to reduce the severity of Scottie cramp (86) . Therefore, it has been suggested that the syndrome may be related to a deficiency of serotonin, although quantification of brain serotonin content did not reveal differences from healthy dogs (87, 88) . Severe forms of Scottie cramps are refractory to fluoxetine and show a better response to diazepam (83) .
Hereditary idiopathic paroxysmal dyskinesia in Chinook dogs probably has an autosomal-recessive inheritance (89). The dogs exhibit episodes of dyskinesia with dystonia [e.g., torsions of limb(s)], chorea, and ballismus, and in some cases also head tremors. The attacks last from minutes to 1 h and can occur several times per day or less frequently (up to years between attacks). These episodes are not induced by sudden movements, and other triggers have not been described in Chinook dogs. Age of onset ranges from 2 months to 5 years, but usually the first attack appears during the first 3 years of life. The attacks are not associated with autonomic signs or loss of consciousness. EEG recordings demonstrated that the episodes usually occur in the absence of epileptic activity, but three dogs of one family exhibited generalized tonic-clonic epileptic seizures in addition to the clinical signs of paroxysmal dyskinesia. Indeed, it is known from human individuals that specific mutations can lead to a paroxysmal dyskinesia that is associated with epilepsy in some affected family members (90, 91) . Therefore, Packer et al. (89) suggested that paroxysmal dyskinesia in Chinook dogs could result from a channelopathy, but further analyses are required to confirm this. Public videos show sequences of paroxysmal dyskinesia in Chinook dogs. The thorough description by Packer et al. (89) indicates that the movement disorder in the Chinook dogs shares common features with paroxysmal non-kinesigenic dyskinesia in human individuals.
The canine "epileptoid" cramping syndrome in the Border terrier (Video S3 in Supplementary Material) has been hypothesized to represent a form of paroxysmal non-kinesigenic dyskinesia (92) . As indicated by a retrospective owner-directed study, the first episodes usually occur before 3 years of age. Although the episodes often appear spontaneously, owners identified excitement and waking from sleep as inducing factors. The majority of generalized attacks lasted 2-30 min, occurred up to three times per day and were often associated with mild tremor and borborygmi. Immediately before or after the episodes, gastrointestinal signs (vomiting and diarrhea) were observed in about 50% of the affected dogs, which has not been reported in human dystonia or paroxysmal dyskinesia. While antiepileptic drugs were ineffective, the movement disorder is responsive to a gluten-free diet. A recent study demonstrated a link of the condition to gluten sensitivity. Affected border terriers had increased serum titers of antitransglutaminase 2 and antigliadin antibodies which normalized when the dogs were fed a gluten-free diet (93) .
A movement disorder in boxer pups shows similarities with features of human paroxysmal non-kinesigenic dyskinesia (94) . Two unrelated litters of six (all affected) and nine (seven affected) pups developed "unusual neurological episodes, " triggered by excitement and lasting for 1-5 min, at 8 weeks of age. The frequency ranged from only two episodes in 6 months to 10 episodes per day. Interestingly, the frequency and duration of episodes decreased with age and were less frequent and less severe in females compared with males. Clinical signs included unilateral facial dystonia, producing grimacing, lifting of an extended thoracic limb which was either held elevated for several seconds or banged to the ground, unilateral dystonia of the neck and truncal muscles producing torticollis, and hyperflexion of a thoracic or pelvic limb. The pups were at all times conscious. MRI scans of the brain of an affected male pup did not show obvious abnormalities.
Case Reports of Episodic Movement Disorders in Dogs
As summarized in 
Generalized Clinical Signs in Horses
Shiveringrepresents a neuromuscular syndrome in horses, recognized as early as 1910 (102) . The horses exhibit episodes of involuntary muscle contractions with trembling of the pelvic limbs (shivering), sudden jerky extensor movements of the tail and raising of one hindlimb in a semiflexed, abducted position for a few seconds to minutes (103, 104) . The horses show otherwise normal behavior. Shivering can occur at any age, and the severity may remain unchanged or may slowly progress (72) . In more severe cases, involvement of the muscles of the forelimbs, the neck, the trunk, and the face is described (103) . The involuntary movements are worsened by stress or excitement and can be abolished by rest. The cause of shivering is still unknown, and an effective treatment is not available. It has been suggested that shivering has a hereditary background and may involve neurochemical alterations in the basal-ganglia nuclei (103) . However, recent immunohistochemical and ultrastructural investigations indicated that shivering is related to end-terminal neuroaxonal degeneration in the deep cerebellar nuclei (105) . In view of some common symptoms, this neuromuscular syndrome in the horse may include dystonic features. Specific studies, such as EMG recordings, are necessary.
The stiff-horse syndrome is characterized by episodes of contractions in the muscles of the lower back and of the hindlimbs. Facial contractions may occur in some cases (106, 107) . Usually, the episodes of muscle contractions, which last a few minutes, can be precipitated by stress but also by voluntary movements. EMG analysis showed persistent motor-unit activity over a few minutes in the axial and gluteal muscles (107) . The stiff-horse syndrome has been presumed to be caused by a loss of GABAergic inhibition within the CNS (103) . However, the cause is unknown, and it is unclear if this movement disorder in horses represents a type of paroxysmal dyskinesia or if it shares common features with the stiff-person-syndrome, characterized by progressive rigidity and muscle spasms affecting the axial and limb muscles (108) .
Although this review focuses on hereditary dystonia/ paroxysmal dyskinesias, we here refer to an interesting type of secondary dyskinesia with dystonic signs in horses. Chronic ingestions of yellow star thistle (Centaurea solstitialis) or Russian knapweed (Centaurea repens) can cause nigropallidal encephalomalacia in horses with an abrupt onset of neurologic signs, including the occurrence of dystonic symptoms in facial, lip, and tongue muscles as well as gait abnormalities (109) . There is no loss of dopaminergic neurons, but lesions occur in the globus pallidus and in the substantia nigra pars reticularis (110) , supporting the hypothesis that abnormal basal-ganglia output plays an important role in the pathophysiology.
Generalized Clinical Signs in Cattle
The so-called congenital muscular dystonia (CMD) type 1 and type 2 are reported to have an incidence of 0.1-0.2% in Belgian Blue cattle (111) (112) (113) . All calves with CMD exhibit episodes of generalized muscles contractions with two distinct phenotypes. Calves with CMD1 show impaired swallowing, fatigue upon stimulation, and myotonia resulting in a complete stiffness of limbs. Usually, respiratory complications lead to death a few weeks after birth. CMD2 is characterized by severe episodes of myoclonus after acoustic or tactile stimuli (clinically resembling the disinhibited human startle reaction) with death of calves within a few hours after birth. These clinical signs obviously differ from human dystonic conditions. In fact, genetic analyses have revealed a muscle defect. CMD1 is associated with a mutation in the gene ATP2A1, encoding the fast-twitch skeletal muscle Ca 2+ -ATPase (SERCA1) that results in disturbed Ca 2+ reuptake into the sarcoplasmatic reticulum at the end of the contractile phase (111) . Therefore, CMD1 shows common mechanisms with Brody myopathy in humans (111) rather than with dystonia. Exercise-induced muscle contractions, termed as "pseudomyotonia" in Chianina cattle and in a Dutch cross-breed, are associated with SERCA1 gene (114) (115) (116) . Furthermore, genetic analyses have shown that CMD2 is caused by a GlyT2 (SLC6A5) defect, comparable to the findings in human hyperekplexia and Irish Wolfhounds with hyperekplexia (111, 112, 117) . Therefore, these movement disorders in cattle do not seem to be a type of dystonia and therefore should be renamed.
CONCLUSION
Involuntary hyperkinetic movement disorders that share common clinical features with different types of dystonia and paroxysmal dyskinesias in humans are described in dogs, horses, and cattle. While genetic analyses have shown that the currently recognized movement disabilities termed as CMD in cattle do not seem to represent dystonia, it has yet to be clarified if hyperkinetic movements in dogs and horses are dystonic in nature. As neurophysiological examinations in patients with dystonia show specific EMG patterns, this may help to clarify diagnosis.
Since muscle cocontractions of antagonistic muscles and phasic tremulous and/or non-tremulous muscle activity represent the hallmarks of dystonia, these would help to distinguish between possible diagnoses in affected animals. Although attempts at treatment with GABAmimetic drugs like benzodiazepines in dogs may be effective in some cases, the outcomes are inconsistent. Except for disorders with clearly defined genetic causes, the origin and the mechanisms underlying of the described movement disorders in domestic animals remain mostly unknown. Therefore, further postmortem studies and genetic analysis to determine the underlying pathophysiology and genetics of these conditions are required.
SEARCH CRITERIA
